BACKGROUND: Evaluation of the salivary transcriptome is an emerging diagnostic technology with discriminatory power for disease detection. This study explored massively parallel sequencing for providing nucleotide-level sequence information for each RNA in saliva.
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In the last decade, the nature, origin, and characterization of salivary RNA have been actively pursued (1) (2) (3) (4) (5) (6) , and these studies have demonstrated the potential for the use of salivary RNA for detecting oral cancer (2, 7 ) , Sjögren syndrome (3, 8 ) , resectable pancreatic cancer (1 ) , and breast cancer (9 ) .
Massively parallel sequencing of transcripts (RNASeq) 4 has recently been used to quantify the expression levels of genes and alternative isoforms (10 -14 ) . The relative abundance of transcripts can be estimated from the number of sequenced reads aligning to each gene (12 ) . Compared with microarrays, RNA-Seq is analytically more sensitive in terms of detecting moderately and differentially expressed genes and provides sequence information at each nucleotide position of each gene (12, 15 ) . Higher analytical accuracy and coverage of expressed transcripts make RNA-Seq suitable for elucidating global characteristics of the transcriptome. Furthermore, the discovery of new host-derived RNA sequences and even nonhost genomes is possible.
To expand on previous studies of saliva and to delve into the frontier of developing saliva biomarkers, we used RNA-Seq to sequence and characterize the salivary transcriptome in greater detail than had previously been possible, and we determined that saliva harbors a complex RNA environment.
Materials and Methods

HEALTHY STUDY PARTICIPANTS
Saliva samples were obtained multiple times from several healthy volunteers from the UCLA School of Dentistry, Dental Research Institute, University of California, Los Angeles, California, in accordance with a signed consent form approved by the UCLA Institutional Review Board. Saliva samples from only 2 individuals were sequenced.
HUMAN SALIVA COLLECTION
We collected 5-mL samples of unstimulated whole saliva (WS) and cell-free saliva (CFS) from healthy individuals between 9 AM and 10 AM in accordance with published protocols (16 ) (for brief descriptions of these protocols, see the Data Supplement that accompanies the online version of this article at http://www. clinchem.org/content/vol58/issue9). The participants were asked to refrain from eating, drinking, and oralhygiene procedures for at least 1 h before saliva collection. Saliva samples were kept on ice during collection.
EXTRACTION OF SALIVARY RNA
Total RNA was isolated from the WS and CFS saliva samples by means of the mirVana™ PARIS™ Kit (Ambion/Life Technologies), as described in the user's manual and with minor modifications (see the online Data Supplement for these details).
RNA LIBRARY PREPARATION
We used the SOLiD™ Total RNA-Seq Kit (Applied Biosystems/Life Technologies) and the SOLiD™ RNA Barcoding Kit (modules 1-16; Applied Biosystems) to construct strand-specific cDNA libraries from 10 -50 ng salivary RNA, as described in the user's manual and with minor modifications (see online Data Supplement for specifics).
SOLiD TOTAL RNA SEQUENCING
We pooled the bar-coded libraries on the basis of equal molarities and generated templated beads for sequencing according to the manufacturer's protocols. Templated beads containing a multiplex of 8 samples were deposited onto a single full slide. Massively parallel ligation sequencing was carried out to 50 bases with the Applied Biosystems SOLiD System (V3 Plus chemistry) and according to the manufacturer's instructions. Human whole-transcriptome reads were aligned to version 18 of the human genome (hg18) with the SOLiD BioScope software (version 1.3; Applied Biosystems) and the parameters recommended in the user's manual (http://tools.invitrogen.com/content/ sfs/manuals/cms_082377.pdf). Whole-transcriptome reads were also aligned to the Human Oral Microbiome Database (HOMD) and the HOMD 16S rRNA RefSeq database (17, 18 ) .
In the analysis of gene expression, we considered only uniquely aligned reads. A "uniquely aligned" read was defined as a read with a maximum scoring alignment to the genome that was (a) at least 24 times higher and (b) at least 4 times higher than any of the other alignments of that read to the genome [see the online Data Supplement and BioScope 1.3 user manual (19 ) ]. Exon locations described in the text were taken from the alignments of RefSeq transcripts to hg18 and are available at the UCSC Genome Browser website (http://www.ncbi.nlm.nih.gov/geo).
QUANTIFICATION OF RefSeq GENES
For each of the RefSeq genes, reads uniquely aligned within the genome-mapped exons of that gene were summed and then divided by the sum of the exon lengths to yield reads per kilobase. The resulting modified raw gene count was then divided by the total number of uniquely aligned reads for the sample, yielding reads per kilobase per million uniquely mapped reads (RPKM) (15 ) .
Results
Salivary RNA can vary from full length to highly degraded (5 ) . We hypothesized that RNA-Seq of the salivary transcriptome would be more tolerant of the fragmented nature of salivary RNA and would enable global gene expression analysis at an unprecedented level of analytical sensitivity, accuracy, and sequence complexity. Because saliva naturally contains microorganisms, oral epithelial cells, and extraneous substances (such as food debris), the supernatant phase of saliva (or CFS) is typically used instead of WS as a medium for RNA profiling (20 ) . WS and CFS samples were compared to determine if one sample type offered higher sequence quality than the other. According to the yields obtained from multiple RNA isolations from 5 different volunteers, the mean yield from the WS samples was approximately 30 ng RNA/100 L saliva. The CFS RNA yield ranged from 2-15 ng RNA/100 L saliva-similar to the yields obtained in previous studies (21 ) .
MAPPING OF SALIVA RNA PROFILES
The salivary RNA samples yielded 24 -55 ϫ 10 6 sequence reads 50 bp in length (Table 1 ) (see cDNA Library Preparation in the online Data Supplement for a description of salivary cDNA library preparation). Approximately 20% of the reads from the fragmented CFS samples were successfully aligned to the human genome. The unfragmented CFS sample showed alignment statistics similar to those of the fragmented CFS samples (see RNA Fragmentation in the online Data Supplement). In contrast, only 8% of the reads from the WS samples could be aligned to the human genome; the majority of the reads did not align at all. The large proportion of reads from each sample that did not align was likely due to polyclonality, low quality, or RNA origins outside the reference human genome (19 ) . To determine if the unaligned reads were of microbial origin, we next aligned the CFS and WS samples to the HOMD (17, 18 ) (Table 1) . As expected, 68%-72% of the reads from the WS samples aligned to one or more positions in the HOMD, whereas less than half (approximately 30%) of the reads from the fragmented CFS samples aligned to the HOMD. Likewise, almost half of the reads from the unfragmented CFS sample aligned to the microbial database.
GENE DETECTION
The analytical sensitivity of RNA-Seq is a function of both molar concentration and gene length. For each RefSeq gene, reads uniquely aligning within its genome-mapped exons were summed to determine the total reads per gene. In addition, replicate samples originating from the same starting RNA (CFS, 3 min and 10 min of fragmentation) were pooled to increase the sequencing depth. The RPKM was used to score gene expression abundance (10 ) . This normalization of read density reflects RNA molar concentration for each gene in the starting sample via normalization for RNA length and the total number of uniquely mapped reads in the measurement (10 ). Li et al. have shown in mice that when the mean expressed transcript length is 1 kb, 1 RPKM corresponds to approximately 1 transcript per cell (22 ) . Sensitivity was assessed by calculating the number of genes present as a function of increasing noise threshold (RPKM).
On average, we detected transcripts of approximately 8000 genes in the fragmented CFS samples at a noise threshold of 0.1 RPKM, whereas we detected approximately 3200 transcripts in the unfragmented CFS sample (Table 2A) . Increasing the noise threshold to 1 RPKM reduced gene detection by nearly 30% in the fragmented CFS samples, and we observed a substantially greater decrease in the unfragmented sample. Although the global alignment statistics for the fragmented and unfragmented CFS samples were similar, additional fragmentation of the RNA before library preparation appeared to increase the analytical sensitivity of gene detection.
As expected, the numbers of genes represented by transcripts in the WS samples were much lower than in the CFS samples at all noise thresholds, most likely because of the high number of microbial sequences; however, given that only 10% of the reads aligned to the human genome and approximately 70% of the reads aligned to HOMD, we detected transcripts for more genes than we expected.
When we collapsed the exons of RefSeq transcripts in hg18 to genes, our reference genome contained Ͼ21 000 genes, transcripts of which Ͼ30% were detected in the fragmented CFS samples. With a noise threshold of 1 RPKM for all samples, we detected transcripts of 693 genes in all of the samples, and those of 3510 genes were common to the 3-min and 10-min fragmented CFS samples.
We next assessed whether microRNAs (miRNAs) could be detected in the samples. Table 2B shows the number of miRNAs found in the samples as a function of increasing noise threshold. Under the current methodology for library preparation, whole-transcriptome and small noncoding RNAs (ncRNAs) are analyzed by preparing 2 separate libraries that are distinguished by the size distribution of the RNA used to prepare the library. We obtained only enough RNA from each collection for a single library; therefore, small-RNA libraries were not prepared. When the noise threshold was 1 RPKM, only 10%-15% of the 705 annotated miRNAs were detected. Although these libraries contained cDNA inserts that represented fragmented RNAs 50 -400 nucleotides in size, we detected more miRNAs than expected. Twenty-nine miRNAs were common to the fragmented and unfragmented CFS samples. In addition, we expected the unfragmented samples to contain more miRNAs, owing to their relatively small size. Like the wholetranscriptome data, however, fragmentation of the RNA was necessary to obtain the highest-quality library.
We finally appraised the number of different microbial species in the samples. Alignment of the reads to the reference 16S rRNA HOMD, which defines the phylogenetic and taxonomic structure of the database and contains 1645 unique entries, revealed RNAs for Ͼ600 different prokaryote species in the fragmented CFS and WS samples (Table 2C ) at a noise threshold of 1 RPKM. These data highlight the power of RNA-Seq. Sequenced reads from any given sample can be aligned to any reference genome, and the number of different species and their relative RNA abundances can be easily measured. Identification of all of the different organisms and species present within a single sample is limited only by the availability of an annotated reference.
EXON-SPECIFIC COVERAGE
Previous data suggested that salivary RNAs are degraded and predicted that sequence alignment would be regionally biased across the length of the transcript, with portions of long transcripts being underrepresented or not represented at all (4 ). We examined sequence coverage at each nucleotide position of MALAT1 5 [metastasis associated lung adenocarcinoma transcript 1 (non-protein coding)], a long noncoding transcript (8705 nucleotides), to understand the fragmented nature of salivary RNA (Fig. 1A) . Contrary to our expectations, representative sequence coverage was observed across the length of the gene, indicating that RNA structural features could be determined in salivary RNA. Retrieving a nearly fulllength sequence by means of a short-read sequencing technology would be highly improbable if the RNAs present in saliva were heavily degraded before collection and isolation. If the RNAs were highly fragmented and degraded in saliva, one would observe gaps or positional bias in the sequence alignment. Although sequence coverage was not uniform across the transcript, the sequence coverage was similar to what has been observed with intact RNA from various sources (23 ) , and the sequence coverage observed for MALAT1 is representative of what we observed with other salivary transcripts (see the online Data Supplement). We next examined genes containing multiple exons to determine if sequence coverage was representative of gene annotation. Previous studies from our laboratory have shown both DUSP1 (dual specificity phosphatase 1) and IL8 (interleukin 8) to be robust biomarkers for detection of oral squamous cell cancer (2, 7, 24, 25 ) . The complexity of sequence coverage for IL8 corresponds directly to the currently annotated exons and introns for the gene (Fig. 1B) . Similar results were observed for DUSP1 (see the online Data Supplement). The ability to study simultaneously both gene structure (including sequence and splicing variation) and gene abundance as a function of disease is a novelty in saliva. With paired-end sequencing, splice variant analysis could be used to expand the signature of disease-associated biomarkers.
SMALL NUCLEOLAR RNA
More than 90% of the uniquely mapped genes were coding (i.e., mRNAs), and the remaining small percentage was noncoding. Rank ordering the genes by RPKM showed, however, that 95 of the top 100 highest-expressing genes encoded ncRNAs, mostly small nucleolar RNAs (snoRNAs). snoRNAs represent one of the largest groups of functionally diverse transactivating ncRNAs found in mammalian cells. snoRNAs, small RNA transcripts of approximately 60 -300 nucleotides, are encoded in the introns of proteincoding genes and function in the maturation and modification of other ncRNAs (26 ) . We detected 224 snoRNAs in saliva. Of these snoRNAs, 28% belonged to the box H/ACA class, and the majority (72%) were designated as box C/D snoRNAs. This is the first evidence of the presence of snoRNAs in saliva.
Discussion
Despite being challenged with limiting amounts of highly fragmented salivary RNA, we have performed the first RNA sequence characterization of the human salivary transcriptome at a high level of analytical sensitivity and accuracy. RNA-Seq analysis enabled measurements of RNA abundance, determination of RNA structure, and identification of RNA sequences from Ͼ400 different microbial species in human saliva-all in a single measurement. The ability to sequence-characterize salivary RNA further strengthens the advantages of using saliva as a clinical diagnostic biofluid for biomarker discovery.
WS as a fluid includes secretions from 3 major salivary glands, numerous minor salivary glands, and gingival fluid, as well as cell debris. In a previous study, however, we concluded that CFS, although having a more complex background than parotid gland saliva and submandibular/sublingual gland saliva, was more informative than gland-specific saliva (3 ). There were measurable differences between CFS and WS, with the greatest difference being the percentage of reads aligning to microbial genomes. More reads represented by microbial sequences means fewer reads represented by human sequences, producing lower sensitivity and decreased detection of low-abundance human transcripts. The high fraction of microbial RNA in WS markedly decreased the sensitivity of human RNA. A low-speed centrifugation step reduced the presence of microbial RNA, and adding subsequent steps might remove more of the microbial cells and cell debris. Alternatively, increasing sequencing depth by obtaining more reads, combined with paired-end sequencing, would also increase the detection of low-abundance transcripts.
The microbiome in the mouth can have a considerable impact on an individual's general health by either preventing or causing infections (27 ) . The ability to measure the relative abundance of both human and microbial transcripts as a function of changes in both healthy and disease states could greatly expand our understanding of the complex microbial communities within the oral cavity. Poor oral hygiene affects not only the health of the oral cavity but also the overall health of an individual by increasing the risks of bacterial endocarditis and respiratory infections (28 -30 ) . The oral cavity is the entry point for bacteria into the body, particularly the digestive and the respiratory tracts as well as the bloodstream (31 ) .
More than 700 bacterial species have been identified in the human mouth, and 35% of these species have yet to be cultured (18 ) . The need to study complex oral microbiota without culturing them is prompting the use of high-throughput sequencing for identifying oral bacterial communities directly. The salivary microbiome is a promising clinical diagnostic indicator of oral cancer (32 ) , periodontitis (33 ) , and possibly many other diseases. The presence of specific pathogens and/or a disturbed oral bacterial community might indicate the onset of disease before symptoms become evident and thus might have important clinical applications.
Saliva can be collected easily and noninvasively, especially compared with other bodily fluids, such as serum. We carried out a comprehensive sequence analysis of the salivary transcriptome in which we characterized both the eukaryotic transcriptomic signature and the prokaryotic signature within the same body fluid. This feature is unique in that it will enable us to study the genetic signatures and exchanges simultaneously in eukaryotes and their oral bacterial communities. That, in turn, might allow us to address morecomplex questions.
One might expect to find in saliva mostly transcripts of genes related to immune defense, electrolyte and water metabolism, and digestion; however, our data revealed that genes relating to most metabolic processes in the body were represented (for a detailed description see the online Data Supplement), suggesting that the transcriptomic signature may represent an abridged mirror image of the biological processes within the body. This observation is important because it supports the concept of the diagnostic value of saliva for detecting biomarkers for distal and systemic diseases.
snoRNAs and miRNAs are 2 classes of small ncRNAs with diverse functions in RNA modification and posttranscriptional gene silencing (34 ) . miRNAs have been well described and are currently used as diagnostic biomarkers in clinical assays designed to detect several types of cancer, such as lung cancer and cancer of unknown primary (35, 36 ) , whereas snoRNAs have become a focus of interest only recently. In this study, we discovered that snoRNAs are present in saliva. Of the 100 most highly expressed genes, 98 were for noncoding sequences, and 95 of these genes encoded snoRNAs. Highly abundant snoRNAs are found in all cells, are ubiquitously expressed, and function in the maturation and modification of other ncRNAs, such as rRNAs and small nuclear RNAs (26 ) . The dominance of snoRNAs might be explained by their metabolic stability and their resistance to nucleases; however, we do believe that the spectra of ncRNAs, the diversity of their functions, and their high abundance warrant further explorations to understand their molecular impact and interplay in saliva.
Our comparative analysis of CFS and WS transcriptomes led us to conclude that CFS was indeed the diagnostic component of saliva. The less abundantyet still measurable-oral microbial contents substantially increased the sensitivity of gene transcript detection and allowed us to comprehensively examine in detail both coding RNA and ncRNA species in saliva. Thereby, we were able to detect new key players, such as snoRNAs and long ncRNAs, which seem to have a more important role in saliva than is currently understood.
The purpose of this study was to address the following fundamental question: Given the low abundance and highly fragmented nature of salivary RNA, can sequence information be obtained, and if so, does RNA-Seq provide additional information beyond what has been obtained with microarrays and other probebased assays, such as PCR? Our results showed that despite its challenges, salivary RNA can be sequenced and thus can provide the opportunity to acquire a more detailed picture of this complex biofluid. The advantages that sequencing provides are the abilities to characterize sequences from multiple species with a single measurement, to quantify their relative abundances, and to identify sequences that have not previously been described. The fact that the feasibility of sequencing salivary RNA has been established now allows additional studies to begin.
Salivary RNA has fundamental properties that are very different from traditional RNA samples, and these properties warrant the design of additional experiments to specifically test how the various parameters associated with processing sequencing data could improve data quality and enable greater insight into understanding how sequence information relates to the biology. RNA-Seq is a dynamic technology that is rapidly evolving as new algorithms and methods become described to enable better interpretation of data and provide more applications. The current default parameters associated with the SOLiD system were not optimal for this study; thus, we have begun additional studies to take advantage of the new methods being developed for RNA-Seq data analysis and the opportunity to obtain better insights into salivary RNA. Furthermore, we have initiated additional studies with RNA-Seq to investigate how salivary RNA differs in the healthy and diseased states. Preliminary data indicate that the salivary RNA sequence content within the group of healthy individuals shows the same trends as those described in this report. Preliminary data are provided in the online Data Supplement.
In summary, saliva is a unique bodily fluid ideally poised for the development of molecular diagnostics, not only because it contains components found in serum but also because it offers several advantages, including unique salivary molecular constituents with diagnostic potential. 
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